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I. Changes i n  Contract Scope 
By June of 1964 our  success i n  demonstrat ing t h e  a d a p t a b i l i t y  of pocket 
mice t o  space biology research  had reached t h e  p o i n t  of j u s t i f y i n g  a r eques t  
for supplementary funds t o  provide f o r  development of a s p e c i f i c  o r b i t a l  
experiment. 
I n  cooperat ion w i t h  D r .  Colin S .  P i t t e n d r i g h  of Pr ince ton  Un ive r s i ty ,  
we  submitted t o  D r .  Reynolds f o r  p r e s e n t a t i o n  before  t h e  Biosciences Sub- 
committee a proposed experiment t o  s tudy t h e  e f f e c t s  of prolonged o r b i t a l  
f l i g h t  on t h e  c i r c a d i a n  rhythm of pocket m i c e .  We a l s o  s o l i c i t e d  from 
NASA/OSSA a d d i t i o n a l  funding t o  (1) s u b s t a n t i a t e  t h e  r e l i a b i l i t y  of t he  
rhythmic free-running per iod  i n  Perognathus, ( 2 )  cont inued development of 
a temperature  and a c t i v i t y  te lemeter ,  and, ( 3 )  des ign  a n  experiment on 
c i r c a d i a n  rhythms i n  pocket mice. It w a s  t he  o r i g i n a l  i n t e n t  t h a t  t hese  
l a t t e r  o b j e c t i v e s  be pursued concurren t ly  wi th  t h e  r a d i o b i o l o g i c a l  s t u d i e s  
dur ing  the  las t  q u a r t e r  of t he  o r i g i n a l  twelve month c o n t r a c t .  The f i n a l  
n e g o t i a t i o n  however, r e s u l t e d  i n  a t h r e e  month ex tens ion  of t he  con t r ac t .  
Since we  had a l r e a d y  begun some a s p e c t s  of t he  Biorhythms s t u d i e s  i n  
August 1964 we decided t o  take  advantage of t h e  t i m e  ex tens ion  and manage 
the  funding i n  a way t o  p e r m i t  a d d i t i o n a l  rad iobio logy  s t u d i e s  dur ing  t h a t  
per iod.  A t  p resent  both r ad iob io log ica l  s t u d i e s  and biorhythms s t u d i e s  a r e  
progress ing  simultaneously and w i l l  be summarized i n  the  f i n a l  r e p o r t  t o  be 
completed by 30 December 1964. 
11. Mechanism of Radiat ion Resis tance i n  Perognathus longimembris 
A. Response of P. longimembris to  Massive Gamma I r r a d i a t i o n  - 
Three groups of pocket mice E. longimembris were adminis te red  
massive doses  of gamma-irradiation t o  determine whether pocket m i c e  
fo l low the  p a t t e r n  of CNS death f a m i l i a r  i n  o t h e r  mammals. 
were used i n  each i r r a d i a t i o n  group and one group of t e n  w a s  kept  a s  
cont  r o  1 s . 
Ten animals  
I n  order  t o  o b t a i n  massive i r r a d i a t i o n ,  t he  animals  were lowered 
60 i n t o  a 5,000 c u r i e  Co60 source composed of 12 e i g h t  inch  long Co 
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needles  arranged t o  form a c y l i n d r i c a l  baske t  twelve inches  i n  diameter.  
The dose ra te  w i t h i n  the  source i s  5.2 krads  p e r  minute. Because the  
mechanism f o r  r a i s i n g  and lowering samples i n t o  the  source i s  slow, a 
t r a n s i t  dose of 8.5 k rads  i s  accumulated dur ing  exposure. Tota l  dose 
i s  determined by adding dose received while  w i t h i n  t h e  source t o  t r a n s i t  
dose. 
Of t h e  t h r e e  groups exposed, one rece ived  t h e  t r a n s i t  dose of 8.5 
k rads  only.  A second group received t h e  t r a n s i t  dose p l u s  one minute 
exposure w i t h i n  t h e  Co source accumulating a t o t a l  of 13.7 krads.  
The t h i r d  group w a s  adminis tered 24.1 krads  dur ing  a 3 minute exposure 
w i t h i n  the  Co source.  
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RESULTS 
The animals  adminis tered 8.5 k rads  exh ib i t ed  no locomotor o r  o t h e r  
behaviora l  e f f e c t s  e i t h e r  immediately p o s t - i r r a d i a t i o n  o r  anytime f o l -  
lowing u n t i l  death.  Mean su rv iva l  t i m e  i n  t h i s  group was 7.8 days wi th  
a l l  of t he  dea ths  occurr ing  between the  5 th  and 10th days. 
Animals adminis tered 13.7 krads  and 24.1 k rads  a l l  showed e a r l y  
locomotor d is turbances .  Ataxia was no t i ced  a s  soon a s  the  animals  were 
replaced i n t o  t h e i r  ind iv idua l  cages from t h e  exposure cages.  Some showed 
extreme s e n s i t i v i t y  t o  handling o r  o t h e r  s t i m u l i .  For example, they  re -  
ac t ed  v i o l e n t l y  t o  prodding wi th  a penc i l .  
s i v e  behavior i n  t h e  f i r s t  s i x  hours  a f t e r  i r r a d i a t i o n .  Behavioral  e f -  
f e c t s  were most pronounced i n  the  h ighes t  dose group (24.1 krads) .  This  
group had a mean su rv iva l  t i m e  of about  one day. A l l  of the  animals  d i ed  
before  21  hours  p o s t - i r r a d i a t i o n ,  except  one which survived a n  a d d i t i o n a l  
2 4  hours. 
Others  showed uncommon aggres-  
Mean s u r v i v a l  t i m e  i n  the group r ece iv ing  13.7 k rads  w a s  7.9 days. 
Eight  of t he  t e n  d ied  between t h e  7 th  and t h e  11th day. Two d ied  e a r l i e r ;  
one on the  1st day and the o the r  on the  4 th  day p o s t - i r r a d i a t i o n .  
No c o n t r o l s  d ied  during the course of t h i s  experiment. 
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Autopsies w e r e  performed on a l l  animals.  There were no g r o s s l y  
observable  pa tho log ica l  condi t ions  i n  t h e  24.1 krad group. The b r a i n  
and v i t a l  organs of t ho rac i c  and abdominal c a v i t y  of t hese  animals  a l l  
appeared normal upon g r o s s  examination. 
A l l  animals t h a t  d i ed  between t h e  5 th  and 11th days showed s i g n s  of 
severe g a s t r o i n t e s t i n a l  bleeding. I n  most i n s t a n c e s  t h e  small i n t e s t i n e  
w a s  f u l l  of bloody f l u i d .  There w e r e  no s i g n s  i n  any of t hese  animals  
of cranial  hemorrhages a s  i s  o f t e n  seen i n  pocket m i c e  adminis tered 
1500 t o  ZOO0 rads.  
A dose-survival  curve based on t h e s e  d a t a  and da ta  from preceding 
r e p o r t s  (1, 2 ) i s  shown i n  Figure 1. 
DI SCU S S I O N  
Previous work has  shown the pocket mouse t o  be r e s i s t a n t  t o  whole 
body i r r a d i a t i o n  i n  t h e  dose range which normally k i l l s  o t h e r  mammals 
due t o  hematopoiet ic  o r  g a s t r o i n t e s t i n a l  i n j u r y  (1, 2 ) .  Pocket mice 
succumb t o  both these  k inds  of i n j u r i e s  but  i t  t a k e s  almost t w i c e  t he  
dose t o  produce e f f e c t s  comparable t o  convent ional  mice. 
Data presented  here  suggests t h a t  pocket mice a r e  j u s t  a s  s u s c e p t i b l e  
t o  high dose i r r a d i a t i o n  a s  convent ional  mice ( 3 ) .  There i s  even a 
suggest ion t h a t  pocket mice may be even s l i g h t l y  more s u s c e p t i b l e  a t  t h e  
extreme dose l e v e l s .  Conventional m i c e  and r a t s  surv ive  24 t o  48 hours  
fol lowing doses  a s  high a s  20,000 t o  30,000 r ads ;  whereas pocket mice 
survive l e s s  than one day. 
experiment i s  too  small t o  make a f i n a l  judgement on t h i s  po in t .  
The number of animals  employed i n  t h i s  
The p l a t eau  showing surv iva l  i n  t h e  dose range from 2000 t o  14,000 
r ads  i s  of g r e a t  i n t e r e s t .  In  t h i s  dose range pocket m i c e  have a mean 
su rv iva l  time of 7-8 days,  whereds i n  convent ional  mice the  mean sur -  
v i v a l  time i s  between 3 and 4 days ( 3 ) .  I n  t h i s  r e spec t  pocket mice a r e  
s imi l a r  t o  germ-free mice which have a mean s u r v i v a l  time of 7.2 days ( 4 ) .  
I n  gene ra l ,  the  response of pocket mice t o  i r r a d i a t i o n  appears  t o  be 
modified i n  the dose ranges where c e l l  renewal systems a r e  important  f o r  
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FIGURE 1. Surv iva l  (ST50%) of pocket m i c e  a f t e r  va r ious  
doses of gamma i r r a d i a t i o n  (curve v i s u a l l y  f i t t e d )  
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su rv iva l .  
may be enhanced i n  germ-free mice by v i r t u e  of a prolonged l i f e  span of 
i n t e s t i n a l  c e l l s  i n  these  animals (4) .  The course of work i n  t h i s  
labora tory  i s  being d i r e c t e d  toward e l u c i d a t i n g  a s i m i l a r  mechanism of 
r a d i a t i o n  r e s i s t a n c e  i n  pocket mice. 
Matsuzawa suggests  t h a t  s u r v i v a l  i n  t h e  "gut  death" dose range 
SUMMARY 
Pocket m i c e  exposed t o  8.5 -nd 13.7 k rads  massive Co60 i r r a d i a t i o n  
had a mean s u r v i v a l  time of 7 t o  8 days. 
a n  STSO% of l e s s  than one day. 
Those exposed t o  24.1 krad had 
Animals r ece iv ing  13.7 and 24.1 krads  exh ib i t ed  a t a x i a  and o t h e r  
behaviora l  e f f e c t s  immediately fol lowing exposure. 
L4.1 krad group revealed no g ross ly  observable  pathology. Animals i n  
t h e  13.7 krad group slowly recover from s i g n s  of CNS damage, but  l i k e  
those  r ece iv ing  8.5 krad ,  succumb w i t h i n  5 t o  11 days. Animals i n  
these  two groups showed t y p i c a l  g a s t r o i n t e s t i n a l  i n j u r y ,  inc luding  
massive g a s t r o i n t e s t i n a l  hemorrhage. 
Autopsies of t he  
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B. Histology and Radiat ion Histopathology of Pocket Mouse I n t e s t i n e s  
Damage t o  the  g a s t r o i n t e s t i n a l  mucosa i s  r e spons ib l e  i n  a l a rge  
measure f o r  e a r l y  dea ths  i n  mammals fol lowing r a d i a t i o n  doses ranging 
between 1,000 and 10,000 rads.  Since the  i n t e g r i t y  of t he  g a s t r o i n t e s t i n a l  
ep i the l ium i s  cont ingent  upon replacement of c e l l s  which a re  c o n t i n u a l l y  
being sloughed o f f ,  r a d i a t i o n  i n j u r y  incur red  a t  t h e  s i t e  of c e l l  renewal 
i s  manifested u l t i m a t e l y  a s  v i l l u s  denudation. The c e l l  renewal system 
involved,  of course ,  a re  t h e  c e l l s  a t  t h e  base of t he  i n t e s t i n a l  c r y p t s  
which are among the  most r ap id ly  d iv id ing  c e l l s  i n  the  body. 
Loss of l a rge  amounts of body f l u i d  and i t s  consequences such a s  de- 
hydra t ion  and e l e c t r o l y t e  imbalance; bleeding i n t o  the  i n t e s t i n a l  lumen; 
and massive invas ion  of gu t  bac te r i a  a r e  among the  sequelae of v i l l u s  
denudation. 
A t  high enough doses ,  complete denudat ion and dea th  might occur  a s  
e a r l y  a s  2 t o  4 days following i r r a d i a t i o n ,  o r  i t  might be postponed 
u n t i l  8 t o  10 o r  1L days. Conventional m i c e  and rats,  a s  w e l l  a s  many 
o t h e r  mammals t e s t e d ,  have a mean s u r v i v a l  t i m e  of 2 t o  4 days;  whereas, 
germfree m i c e  appear  t o  have a postponed death.  
Even though, l i k e  germfree mice, pocket m i c e  show prolonged su rv iva l  
a f t e r  high dose i r r a d i a t i o n ,  normal h i s t o l o g y  and e a r l y  changes i n  t h e  
g a s t r o i n t e s t i n a l  mucosa of pocket m i c e  have never been s tudied.  For 
t h i s  reason,  t h e  fol lowing s tud ie s  have been i n i t i a t e d .  
1. Comparative h i s to logy  
H i s t o l o g i c a l  s e c t i o n s  of duodenum and jejunum of s e v e r a l  s p e c i e s  
of d e s e r t  rodents ,  and of White Swiss mice were prepared. 
d e s e r t  spec ie s  included were Perognathus longimembris, P. form- 
- osus, Dipodomys meriami, Peromyscus p e n i c u l a r i s ,  and Ammosper- 
mophilus l eucur i s .  Specimens were f i x e d  i n  Boiun's and s t a ined  
with Hematoxylin-Eosin. These s l i d e s  a r e  being s tudied  t o  as- 
c e r t a i n  whether t he re  i s  an  i d e n t i f i a b l e  h i s t o l o g i c a l  d i f f e r e n c e  
The 
- -  
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between i n t e s t i n e s  of pocket m i c e  and o t h e r  d e s e r t  forms which 
may e l u c i d a t e  t h e  r a d i a t i o n  response of pocket m i c e .  
2. Ear ly  h is topa thology of pocket mouse i n t e s t i n e  
Two groups of f i v e  Perognathus longimembris w e r e  exposed t o  
whole-body gamma i r r a d i a t i o n ,  and f i v e  non- i r rad ia ted  E.  
longimembris were kept as c o n t r o l s .  
received 1,000 and 1,500 rads ,  r e spec t ive ly .  These animals 
are being s a c r i f i c e d  dur ing  t h e  f i r s t  week pos t -  i r a d i a t i o n  
and i n t e s t i n a l  specimens a re  being removed f o r  s ec t ion ing .  
Ult imately,  t h e s e  sec t ions  w i l l  be  s tud ied  f o r  e a r l y  pos t -  
i r r a d i a t i o n  changes. Among t h e  e a r l y  man i fe s t a t ions  of r ad ia -  
t i o n  damage t o  guhwhich are  s p e c i f i c a l l y  sought ,  a re  m i t o t i c  
i n h i b i t i o n ,  c e l l  deb r i s  w i t h i n  c r y p t s  and i n t e r v i l l u s  spaces ,  
and v i l l u s  denudation and s i z e  reduct ion .  The k ind ,  degree,  
and t i m e  of appearance of t h i s  damage i n  pocket mice w i l l  be 
compared wi th  t h a t  normally appearing i n  convent ional  m i c e .  
The two i r r a d i a t e d  groups 
111. Biorhythms 
. 
A. Radiobiology 
1. M i t o t i c  a c t i v i t y  of i n t e s t i n a l  c ryp t  ce l l s  
I n  a cont inuing  e f f o r t  t o  re la te  r a d i a t i o n  response t o  physio- 
l o g i c a l  o r  metabol ic  s ta tes ,  pocket m i c e  have been s a c r i f i c e d  
during t h e i r  metabolic low per iod  (10 A.M.) and dur ing  t h e i r  
metabol ic  high (10 P.M.). Tissue s e c t i o n s  of duodenum and 
jejumun have been prepared i n  t h e  s tandard  manner. I n  a d d i t i o n ,  
i n t e s t i n a l  t i s s u e  was f i x e d  i n  e thanol  ace t ic  a c i d  ( 3 : l )  and 
s t a i n e d  wi th  Feulgen a f t e r  t h e  method of Lamerton (1). 
s o  prepared can be teased f r e e  of t h e  i n t e s t i n e ,  p laced  i n  
45% a c e t i c  a c i d  and squashed under a cover  s l i p .  D i rec t  counts  
of t o t a l  c ryp t  c e l l s  and m i t o t i c  f i g u r e s  can thus  be made. 
This  work is  c u r r e n t l y  underway. 
Crypts  
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2. Day vs night irradiation in E. longimembris 
Pizzarello has provided evidence that there are cyclic varia- 
tions in radiation sensitivity in mice and rats (1,2). The 
variations appear to be related to the phase of the day-night 
cycle in which the animal is irradiated. 
lethal" doses of whole body irradiation during their inactive 
period appear to be more radiation resistant than animals 
administered the same dose during their active period. 
Animals given "almost 
Since the high degree of radiation resistance exhibited by 
pocket mice may be a reflection of this sort of phenomenon, it 
became necessary to design and perform a day-night radiation 
experiment using E. longimembris. 
One hundred and twenty-five animals were selected from our 
main colony on the basis of having a metabolic low appearing 
during the late morning hours. The midpoint of the metabolic 
low period was 0900 hours and that of the metabolic high was 
2300 hours. These animals were divided by random methods into 
5 groups of 25 each. Two groups were administered 1500 rads 
whole body irradiation; one group at 0900 hours and one at 
2300 hours. The third group was administered 1000 rads whole 
body irradiation at 2300 hours. Morning and night non-irradiated 
control groups were retained. 
These groups are currently being observed for signs of radia- 
tion injury. Thirty-day mortality data will be used to deter- 
mine whether night radiation will shift the established LDS0 
of this species. 
Since 1000 rads is a sublethal dose in pocket mice administered 
irradiation in the morning, mortality in the group given 1000 
rads during the theoretical radiation sensitive period will 
serve as a double check on alteration in sensitivity. 
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B. Biosatellite Experiment 
1. Verification of pocket mice for Biorhythms Research 
The objective of this research is to establish the existence of 
a free-running period in pocket mice. Studies at NSL are con- 
cerned with monitoring motor activity and metabolic activity of 
animals maintained for 2 1  days in the dark in a constant environ- 
ment. Both Perognathus longimembris and 1. formosus are under 
study. Preliminary data suggests the existence of a dependable 
free-running period in both species although some variation does 
exist between individual animals. , 
Preparations are being made to monitor both temperature and 
motor activity in E. longimembris at the Princeton University 
facilities in cooperation with Dr. Pittendrigh. The automated 
data handling system at Princeton will permit frequency spectrum 
analysis of the collected data. 
2. Instrumentation 
A small temperature telemeter suitable for intraperitoneal 
implantation in pocket mice has been modified to (a) extend 
the battery life, and, (b) provide a telemeter compatible with 
the monitoring equipment at Princeton University. The principle 
modifications are, (a) reduction in size of the transmitter cir- 
cuitry, and, (b) increase in the pulse repetition rate from one 
pulse every two seconds to approximately 50 pulseslsec depending 
upon temperature. 
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Three systems f o r  monitoring motor a c t i v i t y  of pocket m i c e  
held i n  a 1-5/8" diameter tube  a re  under s tudy.  One involves 
t h e  use  of banks of c a p a c i t o r  p l a t e s  mounted along t h e  length  
of t h e  tube.  Another u t i l i z e s  magnetometers mounted along 
t h e  tube t o  d e t e c t  a small magnet a t t ached  t o  t h e  mouse. The 
t h i r d  method u t i l i z e s  a microwave p r i n c i p l e  t o  d e t e c t  t h e  
p o s i t i o n  of t h e  mouse i n  t h e  tube  a t  any t i m e .  
A l o g i c  system is under development t o  provide d i g i t a l  read- 
ou t  of both t empera tu re  and motor a c t i v i t y  a t  f i v e  minute 
i n t e r v a l s .  
3 .  L i f e  Support 
Tests a r e  i n  progress  t o  determine t h e  optimum length  and 
diameter  of t h e  tube  which w i l l  hold t h e  experimental  animals 
as we l l  as t h e  most d e s i r a b l e  cons t ruc t ion  materials. To 
t h i s  end some a t t e n t i o n  i s  being d i r e c t e d  t o  determining t h e  
p e r s i s t e n c e  of t h e  metabol ic  rhythm under cond i t ions  of 100% 0 
a t  reduced atmosphere pressure .  The pr imary emphasis i s  
being p laced  on design of a package f o r  i n c l u s i o n  on t h e  
B i o s a t e l l i t e  and w i l l  u t i l i z e  t h e  e x i s t i n g  environmental  
c o n t r o l  system. Secondary cons ide ra t ion  i s  being g iven  t o  
a s e l f  contained package. 
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